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Abstract
Electrospun fibres and polymer inclusion membranes (PIMs) were prepared from polyvinyl chloride (PVC)
and Aliquat 336. Morphological and thermomechanical properties of the electrospun mats differed notably
from those of PIMs. The plasticizing effect of Aliquat 336 on electrospun PVC/Aliquat 336 fibres was
confirmed by the shifting of the glass transition temperature (Tg). By contrast, Aliquat 336 did not act as a
plasticizer in PIMs as Tg was independent of Aliquat 336 concentration. Cadmium extraction to electrospun
fibres could occur at a lower Aliquat 336 content (i.e. 6 wt.%) compared with PIMs. At 40 wt.% Aliquat 336
content, both PIMs and electrospun fibrous mats exhibited similar extraction rate.
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Electrospun fibres and polymer inclusion membranes (PIMs) were prepared from polyvinyl 29 
chloride (PVC) and Aliquat 336. Morphological and thermal analysis showed that 30 
electrospun fibres have different properties compared to those of PIMs with similar PVC and 31 
Aliquat 336 composition. Electrospun PVC/Aliquat 336 fibrous mats have a porous web like 32 
structure while PVC/Aliquat 336 PIMs are a pore free solid. The thermal analysis results 33 
indicate that Aliquat 336 has a different plasticising effect on the electrospun fibres and 34 
PIMs. The plasticising effect of Aliquat 336 on the electrospun PVC/Aliquat 336 fibres was 35 
confirmed by a single glass transition temperature (Tg) shifted towards lower temperature. 36 
While PVC/Aliquat 336 PIMs consist of two or more phases as both distinct Tg and melting 37 
temperatures (Tm) are present in DMA analysis. Both PVC/Aliquat 336 fibres and PIMs 38 
could be used for cadmium extraction. However, cadmium extraction to electrospun fibres 39 
was higher than that observed for PIMs and could occur at a low Aliquat 336 content (i.e. 6 40 
wt.%). By contrast, there appears to be a percolation threshold of Aliquat 336 in PIMs of 30 41 
wt.% when cadmium extraction started to occur.  42 
Keywords: Electrospun fibres; polymer inclusion membranes (PIMs); metal extraction; 43 
thermal analysis; polyvinyl chloride (PVC); Aliquat 336. 44 
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1. Introduction 45 
The rapid development of modern industries such as electroplating, electronic production, 46 
solar photovoltaic and batteries has significantly heightened the interest in heavy metal 47 
extraction. In fact, heavy metals are essential for these industries. For example, cadmium is 48 
extensively employed for the production of batteries, pigmentation, electronic components, 49 
and nuclear power amongst many other industries [1, 2]. Cadmium is primarily produced 50 
from mineral ores and often a by-product during the refining zinc and lead. Thus, the 51 
extraction of heavy metals is of significant interest to the mineral processing industry. The 52 
disposal or accidental release of heavy metals to the environment is also of significant 53 
concern. Unlike organic contaminants, heavy metals are not biodegradable and tend to 54 
accumulate in living organisms. Many heavy metals are known to be toxic or carcinogenic. 55 
Toxic heavy metals of particular concern in treatment of industrial wastewaters include 56 
cadmium, zinc, copper, nickel, mercury, lead and chromium. Thus, the extraction of heavy 57 
metals from contaminated water is also of significant interest for environmental protection. 58 
The extraction of most heavy metals including cadmium has been traditionally carried out by 59 
solvent-solvent extraction. However, this technique is energy intensive and uses a significant 60 
volume of organic diluents which are volatile, flammable and harmful to human health and 61 
the environment [3]. Polymer inclusion membranes (PIMs) present an alternative approach to 62 
recover heavy metals from an aqueous solution that potentially requires a smaller physical 63 
footprint and is significantly more environmentally friendly than solvent-solvent extraction. 64 
PIMs are a type of liquid membrane that relative to conventional liquid membranes exhibit 65 
longer process lifetimes, superior mechanical properties and higher chemical stability [4, 5]. 66 
In addition, PIMs allow for simultaneous extraction and stripping of the target ion and thus 67 
accelerate the separation process compared to conventional solvent extraction which can only 68 
be used in batch mode [4]. Generally, PIMs consist of polyvinyl chloride (PVC) or cellulose 69 
triacetate (CTA) as a base polymer, an extractant, and a plasticizer. Numerous studies have 70 
shown effective metal ions extraction using PIMs [4, 6-12]. In addition, the use of PIMs for 71 
sample preparation [13] and low cost sensory devices [14] has recently been demonstrated.   72 
Electrospinning is an innovative technique for the production of polymer fibres with diameter 73 
of less than a few micrometres, resulting in a large surface area-to-volume ratio and high 74 
porosity. These polymer fibres can potentially be used in numerous applications including 75 
tissue engineering, wound dressing, and drug delivery [15]. A few research groups [16, 17] 76 
have successfully developed polymer fibres using the electrospinning method for heavy metal 77 
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extraction from aqueous solutions.  Similar to the preparation of PIMs, a solution is first 78 
prepared by incorporating polymer and extractant using solvent. Then the solution is 79 
electrospun using electrospinning equipment at certain parameters to produce the mats 80 
consisting of electrospun fibres.  Wong et al. [17] reported that the extraction of cadmium has 81 
improved using electrospun PVC/Aliquat 336 compared to film cast PVC/Aliquat 336 PIMs. 82 
However, Wong et al. [17] did not to characterise the electrospun fibres and thus little is 83 
known about the influence of their thermomechanical properties on metal extraction.  84 
In this study, electrospun fibrous mats and PIMs were fabricated from PVC at various 85 
Aliquat 336 concentrations. The effects of Aliquat 336 content on the morphological 86 
structure as well as thermal properties of electrospun fibrous mats were investigated using 87 
scanning electron microscopy (SEM) and dynamic mechanical analysis (DMA). The physical 88 
properties of electrospun PVC/Aliquat 336 mats were then compared to those of PIMs to 89 
explain for the performance of these materials with respect to heavy metal extraction. The 90 
results provide insights for further development of electrospun PVC/Aliquat 336 fibres for 91 
heavy metal extraction. 92 
2. Materials and methods 93 
2.1.   Reagents 94 
High molecular weight PVC from Sigma Aldrich (Australia) was used as the base polymer. 95 
The weight-average molecular weight of this PVC is 80,000 g/mol. Aliquat 336 96 
(tricaprylmethylammonium chloride) from Sigma Aldrich (Australia) was used as the 97 
extractant. Aliquat 336 is a mixture of tri-alkyl methyl ammonium chloride salts produced 98 
from the methylation of Alamine 336, with the substituent alkyl chain length containing 99 
between 6 and 12 carbon atoms. HPLC grade tetrahydrofuran (THF) and dimethylflormamide 100 
(DMF) from BDH (Australia) were used without any further purification. Cd(II) was selected 101 
as a model heavy metal. Cd(II) solutions used in the extraction experiments were prepared 102 
from analytical grade Cd(NO3)2. Milli-Q grade water (Millipore, Australia) was used for the 103 
preparation of all aqueous solutions. 104 
2.2.   Preparation of PVC/Aliquat 336 fibres 105 
Electrospun mats at different Aliquat 336 concentrations were prepared from PVC and 106 
Aliquat 336. The electrospinning apparatus consisted of a high voltage supply (Gamma 107 
Model ES30P-5W/DAM, Gamma High Voltage Research Inc.), a syringe pump (KDS 100, 108 
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KD Scientific Inc.) and a 5 mL Terumo® syringe barrel with a 23 gauge needle tip (Figure 1). 109 
About 3 mL of the prepared solution was used to form an individual mat.  110 
Several electrospinning conditions (in terms of flow rate, voltage, and distance to the 111 
collector) were evaluated to determine parameters that would result in consistent fibre 112 
formation. The optimised electrospinning conditions were then used in this study. Briefly, the 113 
polymer solution was electrospun at 0.06 mL/h with an applied voltage of 17 kV, and 114 
distance between the syringe tip and the aluminium collector of 170 mm.  115 
PVC/Aliquat 336 solutions were first prepared by dissolving Aliquat 336 (0-40 wt.%) and 116 
PVC (100-60 wt.%) in THF/DMF solvent (1:1 by volume). During the electrospinning 117 
process, due to the applied voltage, the charged polymer could overcome the surface tension 118 
of the solution. Thus, a charged polymer jet was ejected from the needle tip and deposited on 119 
the grounded aluminium collector as polymer fibres. The fibrous mats were collected after 5 120 
hours of electrospinning.  121 
 [FIGURE 1] 122 
2.3.   Preparation of PVC/Aliquat 336 PIMs 123 
PIMs at different Aliquat 336 concentrations were prepared by dissolving Aliquat 336 and 124 
PVC in THF without DMF as described previously [18]. Each mixture contained a combined 125 
Aliquat 336 and PVC weight of 600 mg. The volume of THF used was between 5 to 10 mL 126 
depending on the weight fraction of PVC. The mixtures were stirred vigorously for 1 hour 127 
resulting in a clear solution. The solution was then transferred into a Petri dish with a 128 
diameter of 70 mm and covered with filter paper. The THF solvent was allowed to evaporate 129 
over about 48 hours to form PIMs. The membranes were peeled from the Petri dish and 130 
stored in the dry condition for further experiments. PVC films were prepared using the same 131 
protocol but without the addition of Aliquat 336. 132 
 2.4  Scanning electron microscopy  133 
Morphology of the electrospun fibrous mats and PIMs was characterized using a scanning 134 
electron microscope (SEM) (JEOL JCM 6000). Square sections of samples approximately 10 135 
mm by 10 mm were mounted on aluminium stubs. The samples were then gold coated using 136 
a DYNAVAC Mini Coater prior to SEM analysis.  For electrospun fibrous mats, fibre 137 
diameters were determined by Image J software.  A minimum of six fibre diameter 138 
measurements were conducted for each condition. 139 
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2.5 Dynamic mechanical analysis  140 
A DMA Q 800 (TA Instrument, USA) was used to characterise the thermal transitions of 141 
electrospun fibre mats and PVC/Aliquat 336 PIMs. A tensile film-clamp was used with a 142 
heating rate of 4 °C/min over the temperature range of −70 to 110 °C at a frequency of 1 Hz.  143 
For DMA, the approximate distance between clamps was 15 mm, and the oscillation 144 
displacement was 10 μm. The temperatures associated with transitions were identified by the 145 
maximum in the corresponding tan delta curve. Where defined, the thermal transitions are 146 
labelled in order from highest to lowest temperature. 147 
2.6   Cadmium extraction protocol  148 
Extraction experiments were conducted in bath mode using a protocol described in details 149 
elsewhere [18]. PIMs or electrospun fibrous mats with membrane mass of 0.57 ± 0.01 g and 150 
0.03 ± 0.01 g respectively were placed in beakers containing 50 mL of extraction solution. 151 
For the electrospun mats, the extraction solution contained 3 mg/L of Cd(II) in 1 M 152 
hydrochloric acid (HCl) whereas for the PIMs, the extraction solution contained 50 mg/L of 153 
Cd(II) in 1 M hydrochloric acid (HCl).  These different extraction solution concentrations 154 
were used to obtain the same ratio of membrane mass to cadmium concentration. The 155 
extraction solution was stirred continuously with a 1 mL of aliquot was taken at specific time 156 
intervals for metal ion analysis using Atomic Adsorption Spectrometry analysis (Varian 157 
SpectrAA 300 AAS, Australia).  Calibration using standard Cd(II) solutions was conducted 158 
prior to each batch of analysis. The linear regression coefficients for all calibration curves 159 
were greater than 0.98. 160 
3.  Results and discussion 161 
3.1   Membrane preparation and thickness 162 
The electrospun PVC/Aliquat 336 fibrous mats obtained from this study were opaque 163 
regardless of the Aliquat 336 content which was from 0 to 40 wt.%. By contrast, the 164 
PVC/Aliquat 336 PIMs were transparent, homogenous, and flexible (Figure 1a). The opacity 165 
of the electrospun fibrous mat was expected and is due to light scattering from free fibre 166 
surfaces. It is noteworthy that the electrospun PVC/Aliquat 336 mat was thicker at the centre 167 
of the collector relative to the edge while the thickness of PVC/Aliquat 336 PIMs was 168 
relatively uniform over the entire area. 169 
  170 
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3.2   Membrane surface morphology 171 
A fibrous web like structure could be seen with all PVC/Aliquat 336 electrospun fibre mats 172 
obtained from this study (Figure 2b-f). Electrospun fibres obtained from only PVC were 173 
small, densely packed, and uniform (Figure 2b). As the Aliquat 336 content increased from 6 174 
to 40 wt.%, the electrospun fibre diameter within the mat became less uniform (Figure 2b-f). 175 
In addition, the fibres diameter increased from about 1.5 ± 0.2 µm (without any Aliquat 336) 176 
to 3.5 ± 0.3 µm at 40 wt.% Aliquat 336. As the Aliquat 336 content increased beyond 12 177 
wt.%, the formation of beads occured. The number and size of these beads appear to increase 178 
monotonically with the Aliquat 336 content. Beads are common in electrospinning and are 179 
related to the instability of the polymer solution jet [19]. The formation of beads can be 180 
reduced by changing the polymer concentration, surface tension, flow rate, distance between 181 
tip and collector, and, voltage [20]. In this study, the same set of electrospinning parameters 182 
as explained in section 2.2 was used for all membrane compositions.  183 
Unlike the electrospun fibrous mats, all PVC/Aliquat 336 PIMs were transparent and have a 184 
non-porous surface (Figure 3).  At 10 to 20 wt.% Aliquat 336, the PIM surface was 185 
featureless (Figure 3b-c). However at 30 wt.% Aliquat 336, some wrinkles could be observed 186 
(Figure 3d). The surface wrinkles are more regular at 40 wt.% Aliquat 336 (Figure 3e).  The 187 
wrinkles are probably formed due to a THF concentration gradient during film formation.  188 
Typically, during the early stage of membrane formation the THF at the free surface will 189 
evaporate readily forming a membrane skin.  Below this skin there is a relatively high THF 190 
concentration that over time diffuses through the skin with the formation of the membrane.  191 
Coinciding with the evaporation of THF is a reduction in volume, which places a 192 
compressive force on the membrane surface resulting in wrinkles.  Also coinciding with a 193 
reduction in THF is the conversion of a solution to a mixture containing a PVC rich phase 194 
and a Aliquat 336 rich phase [21]. The Aliquat 336 concentration dependence of wrinkle 195 
formation could be attributed to either a lower membrane elastic modulus or the Aliquat 336 196 
rich phase. The former provides a lower buckling stress while the latter retains a large volume 197 
fraction of THF relative to the PVC rich phase in the preliminary stage of film formation. 198 
[FIGURE 2] 199 
[FIGURE 3] 200 
  201 
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3.3   Membrane thermal analysis 202 
DMA is a complimentary method for assessing the thermo-mechanical properties of 203 
polymeric materials. Figures 4 and 5 show the storage modulus and tan δ of electrospun 204 
PVC/Aliquat 336 and PVC/Aliquat 336 PIMs at different Aliquat 336 content.  205 
DMA results revealed that electrospun PVC/Aliquat 336 and PVC/Aliquat PIMs exhibited α 206 
transitions which were determined to be the Tg values. The Tg value of electrospun PVC 207 
without Aliquat 336 was 98 °C. This is consistent with the value reported for pure PVC in the 208 
literature [22]. However, the Tg of PVC PIMs without Aliquat 336 was 67 °C which is lower 209 
than that of pure PVC [18, 23, 24]. The depression of Tg observed is possibly due to the small 210 
amount of residual THF in the PVC/Aliquat 336 PIMs [21]. Hence, the THF/DMF solvent 211 
used for electrospun PVC/Aliquat 336 is likely to have completely evaporated during the 212 
electrospinning process.  213 
The α transition of electrospun PVC/Aliquat 336 has shifted to a lower temperature as 214 
Aliquat 336 content increased from 0 to 40 wt.% (Figure 4a and 5a). This result indicates that 215 
Aliquat 336 may contribute to the PVC segmental mobility of the electrospun mats or that the 216 
retained stress from electrospinning is relative to the Aliquat 336 concentration. In contrast, 217 
constant values of α transition were observed for PVC/Aliquat 336 PIMs containing 0 to 40 218 
wt.% Aliquat 336 (Figure 4b and 5b).  219 
The β transition was observed at −18 °C for PVC/Aliquat 336 PIM containing 40 wt.% 220 
Aliquat 336 (Figure 4b and 5b). The β transition is assigned to the melting temperature (Tm) 221 
of Aliquat 336 as it is consistent with the report value of −20 °C [25].  222 
The addition of Aliquat 336 in PVC formed by electrospinning induced a decrease of Tg 223 
values (Figure 4a). In other words, Aliquat 336 has plasticized the electrospun fibres or THF 224 
that may be retained in the Aliquat which subsequently plasticizes the PVC phase of the 225 
fibres. By contrast, in the solvent cast PVC based PIM system, the Tg value was independent 226 
of Aliquat 336 concentration over the range of 0 to 40 wt.% indicating that PVC segmental 227 
mobility is not a funtion Aliquat 336 concentration [18]. 228 
A single transition observed with all PVC/Aliquat 336 electrospun fibres (Figure 4a and 5a) 229 
indicates that they are homogenous or that the PVC and Aliquat 336 are not phase separated. 230 
Alternatively, the elastic modulus of the electrospun mats is an order of magnitude lower than 231 
that of the PIMs.  This substantially low elastic modulus is due to the high porosity and is a 232 
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function of fibre or fibre junction stiffness [26].  Hence, it is possible that the DMA used here 233 
is not sensitive to the beta transition in electrospun fibrous mats if it is present.  On the other 234 
hand, PVC/Aliquat 336 PIMs containing 20 to 40 wt.% Aliquat 336 are phase separated with 235 
two discrete phases rich in PVC and Aliquat 336 (Figure 4b and 5b). Even though the 236 
PVC/Aliquat 336 PIMs at 20 and 30 wt.% Aliquat 336 did not exhibit any β transition 237 
(Figure 4b) but a decreased in storage modulus at about −22 °C indicated that they also 238 
contain Aliquat 336 rich phase. However, there is no indication of an Aliquat 336 rich phase 239 
in PIMs containing 10 wt.% Aliquat 336 by DMA. Overall, the storage modulus of 240 
PVC/Aliquat 336 electrospuns mats were much lower than PVC/Aliquat 336 PIMs but the 241 
values increased as the Aliquat 336 content increased (Figure 4a).  242 
It is also noteworthy that the transparency of all the electrospun fibrous mats had changed 243 
during the DMA experiment.  Specifically, the regions of the electrospun fibrous mat that 244 
were within and adjacent to the DMA clamps changed from opaque to transparent during a 245 
DMA heating sequence.  Hence, the combination of temperature and pressure was sufficient 246 
to achieve viscous flow of the polymer with the electruspun fibres fusing to form a solid.  The 247 
central section of the electrospun mat remained opaque, even after heating to 110 °C. 248 
 [FIGURE 4] 249 
[FIGURE 5] 250 
3.4   Cadmium extraction performance 251 
The extraction kinetics of Cd(II) to PVC/Aliquat 336 electrospun fibrous mats and PIMs are 252 
shown in Figure 6. As expected, in the absence of Aliquat 336 (which was used as the 253 
extraction), no extraction of Cd(II) to electrospun mats and PIMs could be observed. As can 254 
be seen from Figure 6a, the extraction rate of PVC/Aliquat 336 electrospun fibrous mats 255 
increased when Aliquat 336 content increased. There was a significant increase of Cd(II) 256 
removal for electrospun PVC/Aliquat 336 mats containing 12 to 40 wt.% Aliquat 336 (Figure 257 
6a). Maximum extraction was reached at 25 and 40 wt.% Aliquat 336 with about 98% 258 
removal of Cd(II).  259 
By comparison, the extraction of Cd(II) using PIMs was not significant at low Aliquat 336 260 
content (Figure 6b). A significant extraction was observed in PIMs containing 30 wt.% 261 
Aliquat 336 where a major change in Cd(II) removal was witnessed. However the extraction 262 
was only 72% completed. This result is in good agreement with the data reported by Xu et al. 263 
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[11] that the extraction is not viable for PIMs containing less than 30 wt.% of Aliquat 336. 264 
Maximum extraction was reached at 40 wt.% Aliquat 336 with 95% Cd(II) removal which 265 
coincides with the appearance of a defined β transition (Aliquat 336 rich phase).  266 
The extraction capacity was also plotted against Aliquat 336 concentrations for both 267 
electrospun fibres and PIMs as shown in Figure 7. The extraction capacity can be calculated 268 
by using the equation as described below: 269 
Extraction capacity (mg/g) = 
M
VVV sfi  ][
 270 
where Vi and Vf are the initial and final concentration of Cd (mg/L) respectively. Vs is the 271 
starting of the feed volume (L) and M is the mass of the membrane (g).  272 
Base on the result, the extraction capacity of both membranes has reached more than 4 mg/g 273 
at 40 wt. % of Aliquat 336 content. However, in all cases, electrospun fibrous mats has higher 274 
extraction capacity even at low Aliquat 336 content compared to PIMs. The increasing of 275 
Cd(II) removal for electrospun fibrous mats is possibly due to the increasing of surface area 276 
containing Aliquat 336. As noted in section 3.2, electrospun mats revealed a homogenous 277 
web like structure. Therefore, electrospun fibrous mats have larger surface area containing 278 
Aliquat 336 than PIMs and hence improved the Cd(II) removal.  279 
On the other hand, PVC/Aliquat 336 PIMs has distinctive PVC and Aliquat 336 rich phases. 280 
For heterogeneous membrane, the transport of metal ions requires continuous channels. 281 
Unlike electrospun fibres, sufficient amount of extractant is essential to form continuous 282 
channels across the PIMs for the extraction to occur. In this study the percolation threshold 283 
was observed to be at 30 wt.% Aliquat 336.  284 
[FIGURE 6] 285 
[FIGURE 7] 286 
4.  Conclusion 287 
In this study, the properties and Cd(II) extraction performance of PVC/Aliquat 336 fibrous 288 
mats and PIMs prepared by electrospinning and conventional casting, respectively, were 289 
evaluated and compared. The results showed that the role of Aliquat 336 in electrospun fibres 290 
differ from that in PIMs. The PVC/Aliquat 336 electrospun fibrous mats exhibited web like 291 
structures and were visually opaque. However, electrospun fibres were homogenous and have 292 
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only a single phase that is α transition. The electrospun fibres were plasticized by Aliquat 336 293 
since the Tg value observed by DMA decreased with the increasing of Aliquat 336 content. 294 
On the other hand, the PVC/Aliquat 336 PIMs were visually transparent but were phase 295 
separated with two distinct phases that is α transition and β transition observed by DMA. In 296 
addition, Aliquat 336 did not act as a plasticizing agent in the PIM system since the Tg did 297 
not decreased as the Aliquat 336 content increased. The extraction kinetics of Cd(II) to both 298 
PVC/Aliquat 336 electrospun fibrous mats and PIMs increased when Aliquat 336 content 299 
increased. However, the extraction of Cd(II) to PVC/Aliquat 336 PIMs was dependent on the 300 
appearance of the defined β transition.  To facilitate cadmium extraction, the Aliquat 336 301 
content in PIMs needs to exceed the percolation threshold of 30 wt.%. By contrast, cadmium 302 
extraction to electrospun fibrous mats could occur at a much lower Aliquat 336 content (i.e. 6 303 
wt.%). 304 
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Figure captions 382 
Figure 1: Schematic diagram of the experimental setup for electrospinning. 383 
Figure 2: (a) Images of PVC/Aliquat 336 electron fibres (right) and PVC/Aliquat 336 PIMs 384 
(left) and (b-f) surface morphology of PVC fibres at different Aliquat 336 concentration. 385 
Figure 3: Surface morphology of PVC/Aliquat 336 polymer inclusion membranes at different 386 
Aliquat 336 concentration. 387 
Figure 4: Storage modulus curves of (a) PVC/Aliquat 336 electrospun and (b) PVC/Aliquat 388 
336 PIMs at different Aliquat 336 composition. 389 
Figure 5: Tan δ versus temperature of (a) PVC/Aliquat 336 electrospun and (b) PVC/Aliquat 390 
336 PIMs.  391 
Figure 6: Extraction of Cd(II) using (a) PVC/Aliquat 336 electrospuns and (B) PVC/Aliquat 392 
336 PIMs. 393 
Figure 7: Extraction capacity against Aliquat 336 content for PVC/Aliquat 336 electrospun 394 
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